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Abstract 
Global crisis of clean water supply has attracted great attention to reuse and recycle wastewater effluent. However, the effort has 
been limited by the presence of toxic organics in the effluent which in turn inhibits the public acceptance of recycling water. The 
existence of those organic pollutants, which cannot be eliminated by conventional primary and secondary treatment processes, 
can be problematic. Photocatalysis offers a promising process by breaking down low-level organic pollutants in water into 
nontoxic compounds such as CO2, H2O and mineral acids. The process involves excitation of a photocatalyst with near UV 
(300–400 nm) light to promote the formation of highly reactive chemical species such as holes, hydroxyl radicals, superoxide 
radical anions that are capable to mineralize the organic pollutants. An extensive variety of compounds can be satisfactorily 
degraded such as carboxylic acids, alcohols, aromatics, dyes, natural organic matters, etc.  
The study shows the promising application of photocatalysis to treat water and wastewater with a series of organic compounds of 
carboxylic acids and alcohols was selected as the substrate model. The products resulted from the mineralization of the substrates 
have been identified and the effect of the formation of those intermediates to the overall mineralization rate has been discussed. 
The results showed the mineralization rates were greatly influenced by molecule structure of organics being degraded. For 
dicarboxylic acid group, the presence of hydroxyl functional groups increases the residence time of a carboxylate anion adjacent 
to the hydroxyl group and thus, rapid mineralization rate was observed. For alcohols, only one hydroxyl group attached to the 
surface and hence, the relative slow mineralization was recorded in the system. It can be concluded that the surface approach of 
the organic molecule determines the type of intermediates formed and thus, its overall mineralization rate. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Insufficient clean water supply in the world has promoted the United Nations to launch the program of The 
International Decade for Action ‘Water for Life’ 2005-2015 that encourages countries to be more aware and ensure 
the long-term sustainable management of water resources, in terms of both quantity and quality. The last parameter, 
closely related to pollution of water sources, is the key issue for water users, which in turn increasing water or 
wastewater treatment cost. The concept of recycling wastewater that has been employed in many countries (Israel, 
Spain, US, Mexico, Australia, Singapore) offers strategy to address problems faced by water industry 
representatives. The presence of trace amounts of organic pollutants limits the widespread acceptance of the 
recycled water because they can create serious problems to aquatic life and invoke human health disorders. Their 
existence in water, even in trace amounts, can be challenging [1-3]. 
TiO2-mediated heterogeneous photocatalysis offers the potential advantage of breaking down low-level 
contaminants in feed streams of water into nontoxic compounds. Most organic pollutants can be totally mineralized 
to CO2 with the exception of some such as s-triazine herbicides of which the final product is cyanuric acid [4]. 
Reactions occurring during TiO2 photocatalysis have been clearly described by Hoffmann et al. [5] and Linsebigler
et al. [6]. TiO2 generates conduction band electrons (e–) and valence band holes (h+) upon absorbing a photon with 
energy greater than the TiO2 band gap (λ  400 nm). The electron-hole recombination is occurred at the 
semiconductor surface within nanoseconds. Either hole or electron scavenger such as carboxylic acid or oxygen, 
respectively, is often introduced into the system to suppress the recombination. Subsequent charge transfer to the 
interface initiates various kinds of redox reactions at ambient conditions as illustrated in Figure 1 [7].  
Fig. 1. Schematic diagram showing TiO2 activation by light. 
The photogenerated holes possess a high oxidation potential (~3 V vs NHE) and contribute to oxidation reactions 
[8]. In the presence of O2 in an acidic medium, reactive oxygen species (ROS) such as singlet molecular oxygen 
(1O2), superoxide radical anions (O2•–), hydroperoxyl radicals (HO2•), hydrogen peroxide (H2O2) and hydroxyl 
radicals (•OH) can be formed and participate in several oxidation reactions [5], [9-11]. Following the formation of 
ROS on the photocatalyst surface, the photocatalytic reaction occurs, at least principally, in the adsorbed phase. 
Reactions involving electrons and holes do not proceed in a chronological manner during photocatalytic reactions 
because all reactions occur concurrently. More importantly, the adsorption/desorption reaction equilibria will not be 
established during reaction because the reactivity of active species such as electrons, holes and •OHs drives a 
continuous displacement from equilibrium of the adsorbed reactant concentration [12]. Factors affecting 
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photocatalytic oxidation rate are catalyst loading, catalyst properties, dissolved O2, pH, light parameters, and nature 
of organic substances being degraded [5-6]. The latter has been selected as the focus in this study.  
One approach employed to study the effect of organic structure on either the photocatalytic oxidation rate or 
photocatalytic mineralization rate that further allows us to study the reaction mechanism is by examining the 
disappearance rate of parent substrate as well as the appearance of intermediate products [13-16]. In this study, the 
photocatalytic oxidation of a series of organic compounds, possessing different numbers of hydroxyl functional 
groups, was studied in an irradiated aqueous suspension of TiO2. The identification of intermediate products was 
also performed with the aim to relate the intermediate formation and the changes of the mineralization profile during 
the reaction.  
2. Method 
1.1. Catalyst and chemicals 
TiO2 P25 was used as the photocatalyst. Chemicals were analytical or HPLC grade and used as supplied: 
butanedioic acid (>99%, Sigma–Aldrich®), hydroxybutanedioic acid (99%, Sigma–Aldrich®), 2,3-
dihydroxybutanedioic acid (>99%, Sigma–Aldrich®), formic acid (>98%, Riedel–de Haën), ethanoic acid (99%, 
Ajax), hydroxyethanoic acid (99%, Sigma–Aldrich®), propanoic acid (99%, Sigma–Aldrich®), propan-1-ol (95%, 
Ajax Finechem), propane-1,2-diol (99%, Quest), propane-1,2,3-triol (99.5%, Ajax Finechem), 2-hydroxyethanoic 
acid (99%, Sigma–Aldrich®), perchloric acid (70%, Frederick Chemical). All solutions were prepared using ultra 
pure water. 
1.2. Photocatalytic activity studies 
Photocatalytic oxidation was performed in a slurry spiral-type photoreactor at ambient temperature and pressure. 
The initial TiO2 suspension pH was adjusted to 3 with perchloric acid. Following the 30 min irradiation that is aimed 
to remove impurities on the photocatalyst surface, the system was air-equilibrated and subsequently, injecting 100 
µL of solution containing the parent organic to provide a pre-determined carbon loading. The suspension was then 
circulated for 20 min before the UV light was switched on. The photocatalytic mineralization reaction was 
monitored by recording the amount of CO2 generated using an in-situ conductivity meter. A TOC (total organic 
carbon) analyzer was employed to confirm whether complete mineralization was achieved at the end of reaction. 
High performance liquid chromatography was used to identify and quantify organic compounds present in the 
solution during reaction. 
3. Results and Discussion 
In this study, selected carboxylic acids of butanedioic acid, hydroxybutanedioic acid and 2,3-
dihydroxybutanedioic acid possessed different hydroxyl functional group numbers were abbreviated to BDA, OH-
BDA and diOH-BDA, respectively. Similarly, the three selected alcohols, i.e. propan-1-ol, propane-1,2-diol and 
propane-1,2,3-triol that contains one, two and three hydroxyl functional groups were simplified to OH-Pr, diOH-Pr 
and triOH-Pr, respectively. R90 was chosen to describe the later stage of mineralization of carboxylic acids and 
alcohols. R90 is the rate at which 90% of the total organic carbon has been converted into CO2. 
Control experiments (not shown) demonstrated no mineralization of parent compounds in the presence of TiO2
without UV irradiation. Photolysis of the compounds was also not observed. Figure 2 shows the R90 of the parent 
compounds. The presence of additional OH groups in carboxylic acids and alcohols appears to impact on the 
mineralization rate. For carboxylic acid group, BDA exhibited the highest R90 (~7.2 μmol C min–1) while the 
presence of hydroxyl functional group numbers (OH-BDA and diOH-BDA) decreased the rate by a factor of 0.28 
(R90 ~5.1 μmol C min–1). For alcohol group, OH-Pr and diOH-Pr showed a comparable value of R90 (~3.3 μmol C 
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min–1). The presence of three hydroxyl functional groups in triOH-Pr molecule is significantly enhanced the R90 by a 
factor of 1.5. Different mineralization rate of a series of molecules possessed different hydroxyl functional group 
numbers in each group (observed here indicates the considerably influence of molecular structure on photocatalytic 
oxidation. 
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Fig. 2. Ninety percent mineralization rate of selected carboxylic acids and alcohols. BDA: butanedioic acid; OH-BDA: hydroxybutanedioic acid; 
diOH-BDA: 2,3-dihydroxybutanedioic acid; OH-Pr: propan-1-ol; diOH-Pr: propane-1,2-diol; triOH-Pr: propane-1,2,3-triol. Inset: the chemical 
structure of the parent compounds possessed different hydroxyl functional group numbers. 
To gain a greater understanding of the effect of hydroxyl functional group numbers on the mineralization of 
carboxylic acids and alcohols, complete mineralization profiles and identification of intermediate products were 
examined. The mineralization profiles of the three carboxylic acids as a function of irradiation time are displayed in 
Figure 3. As seen, the BDA mineralization profile follows a typical organic degradation profile, whereby the 
mineralization rate gradually decreases with time, while OH-BDA and diOH-BDA have distinctive regions where 
the rates were constant for a period of time. The mineralization profile has been claimed to correspond to the 
appearance and disappearance of each intermediate [15]. In the case of OH-BDA, the parent acid is removed at t = 8 
min, while intermediate 1 and propanedioic acid began to form immediately upon irradiation. The concentration of 
both intermediate 1 and propanedioic acid continued to increase in solution, reaching a maximum at t = 4 and 8 min, 
respectively. This indicates the degradation of both species during this stage was slower than their formation. This 
may be indicative of competitive adsorption between OH-BDA and propanedioic acid, with the adsorption of OH-
BDA being favored in this system. Both intermediate 1 and propanedioic acid were present in the solution up to t = 
22 min. Ethanoic acid began to form at t > 4 min and was persistent until 36th minute. 
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Fig. 3. Mineralization profiles of (1) carboxylic acids and (2) alcohols. Photocatalytic oxidation of the parent substrates and their intermediates of 
(1a) BDA, (1b) OH-BDA, (1c) diOH-BDA, (2a) OH-Pr, (2b) diOH-Pr, (2c) triOH-Pr. For (1a)-(1c): ( ) BDA; ( ) OH-BDA; ( ) diOH-BDA; 
( ) propanedioic acid; ( ) ethanoic acid; (×) hydroxyethanoic acid (Ɣ) intermediate 1, believed to be 3-oxopropanoic acid [15]; (Ŷ) intermediate 
2; (Ÿ) intermediate 3. For (2a)-(2c): ( ) OH-Pr; ( ) diOH-Pr; ( ) triOH-Pr; ( ) propanoic acid; ( ) ethanoic acid; (×) 2-hydroxyethanoic acid; 
( ) intermediate 1; ( ) intermediate 2. Unidentified intermediate profiles (dashed lines) are based on peak areas from HPLC chromatograms. 
Inset: (1a)-(1c) and (2a)-(2c) present the chemical structures of BDA, OH-BDA, diOH-BDA, OH-Pr, diOH-Pr and triOH-Pr, respectively. Fig. 1, 
(1a)-(1c) taken from 17]. 
It can be seen from Figure 3 (go to (1) and (1b)) that the first rate change (t = 4 min) occurs when intermediate 1 
reaches a maximum, the second rate change (slightly) occurs when propanedioic acid reaches a maximum (t = 8 
min). This also corresponds to the point of complete OH-BDA consumption. This indicates the degradation of 
intermediate 1 is more difficult than OH-BDA. The preferential adsorption of OH-BDA delayed the degradation of 
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this intermediate in the system has been suggested [15]. The third rate change (t = 22 min) corresponds to when 
ethanoic acid reaches a maximum (and intermediate 1 and propanedioic acid have disappeared). This stems from a 
natural refractory characteristic of the ethanoic acid [18-20]. The fourth change represents complete mineralization 
and corresponds to the consumption of all ethanoic acid. Reaction mechanism of photocatalytic oxidation of  OH-
BDA can be further read in ref [15]. In the case of BDA, the first rate change occurs at t = 4 min when intermediate 
1 reaches a peak, similar to case of OH-BDA. The second rate change takes place when BDA and propanedioic acid 
started to disappear while ethanoic acid is dominant (t = 18 min). The faster mineralization rate at this point 
compared to OH-BDA system may be due to lower concentration of ethanoic acid in solution with a reason 
mentioned previously. Further irradiation period oxidizes intermediates until complete mineralization is achieved. 
For diOH-BDA, the first rate change occurs at t = 6-8 min when diOH-BDA present in low amount and two 
unidentified intermediates exist in their maximum values. Further oxidation of these intermediates, followed by the 
formation of new intermediate of hydroxyethanoic acid, has decreased the mineralization rate at t = 18 min. Without 
confirming the intermediates, no further discussion can be given. Further irradiation of the solution, the rate is 
increased until complete mineralization of the parent acid and intermediates is accomplished. 
The easiest mineralization pathway through decarboxylation step should contribute the most to CO2 generated 
during the initial period for the first 4 min (Figure 3) that results similar amount of CO2 detected in the three 
carboxylic acid systems. The higher mineralization rate of BDA observed between 4-16 min is suggested due to 
easier decarboxylation of the second COOH/COO– group compared with the other two parent acids. It is 
hypothesized a hydrogen bond is formed between TiO2 and the OH group of OH-BDA that holds the COOH group 
not adjacent to the OH group away from the surface and thus, hindering its decarboxylation. In the case of diOH-
BDA, the two OH groups point in opposite directions, so only one of these groups can be readily hydrogen-bound to 
TiO2. Accordingly, the situation equivalent to OH-BDA exists, whereby one of the COOH groups is not close to the 
surface. In contrast, the absence of an OH group in BDA allows both COOH groups to interact indifferently with the 
TiO2. The suggested difference in the adsorption mode of BDA and the hydroxylated diacids might explain why 
CO2 generation was higher for BDA in region II despite a lower oxidation state of the non-carboxylic C atoms and a 
lower extent of adsorption (data not shown). In addition to the intermediate identification, the measurement of 
surface charge of photocatalyst TiO2 supports this. Figure 4 shows the proposed adsorption modes of the three 
carboxylic acids influenced by hydroxyl substitution that affect the mineralization rate as observed in Figure 3. 
Fig. 4. Adsorption modes of BDA, OH-BDA, and diOH-BDA proposed on irradiated TiO2 surface
For alcohol group, the mineralization profiles displayed in Figure 3 shows the initial mineralization rates of both 
OH-Pr and diOH-Pr were similar up to approximately 12.5 min of irradiation time. Afterward the mineralization rate 
of OH-Pr was faster and complete mineralization of both substrates was attained at a similar time, i.e. 62 min. In 
comparison, the triOH-Pr mineralization exhibited the fastest rate and its complete mineralization is achieved within 
38 min. The photocatalytic oxidation of alcohols and their intermediates shows disappearance of the three alcohols 
was found to occur within 20-25 min. The major intermediate identified in OH-Pr and diOH-Pr suspensions was 
ethanoic acid with diOH-Pr accumulating a greater amount. Trace amounts of 2-hydroxyethanoic acid were detected 
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during the triOH-Pr reaction. Furthermore, intermediate disappearance corresponded to complete mineralization for 
both OH-Pr and diOH-Pr. No intermediates were detected between t = 30-38 min for triOH-Pr, despite CO2 still 
being generated. This may arise from the amount of intermediates in solution being below HPLC detection limits or 
intermediates were on the surface and being degraded during this period.  
Based on the intermediate identification in solution, •OH attack at the functionalized Į-carbon position of OH-Pr 
is expected to dominant to form the intermediate of propanal (CH3–CH2–CHO) which its further oxidation by •OH 
and O2 will form propanoic acid (CH3–CH2–COOH) which was observed in solution (Figure 3). Propanoic acid can 
be then oxidized at the functionalized Į-, β- or γ-carbon to yield ethanoic acid, 2-oxopropanoic acid, or 3-
hydroxypropanoic acid, respectively. Decarboxylation of propanoic acid at the Į-carbon position results ethanoic 
acid which was observed in solution. •OH attack at the ȕ-carbon generates 2-hydroxypropanoic acid or 2-
oxopropanoic acid which none of them were detected in solution. Lastly, the hydroxylation at the γ-carbon would 
form 3-hydroxypropanoic acid which was detected. However, by examining the electronic distribution of the 
propanoic acid molecule, β-carbon should be the more susceptible position to be attacked by •OH to form 2-
hydroxypropanoic acid and/or 2-oxopropanoic acid rather than 3-hydroxypropanoic acid. In addition, the lowest 
degree of dissociation (pKa) value of 3-hydroxypropanoic acid among the three organics may be responsible for its 
detection in solution in trace amount. Intermediate 1 is suggested to be CH2–(OH)–CH(OOH)–COOH. Applying the 
same reaction as detailed in OH-Pr/TiO2 system, diOH-Pr is proposed to be dominantly degraded from H atom 
elimination at the position of Į-carbon and followed by the β-carbon atom. This based on the intermediate detected 
in solution as reported in Figure 3. For triOH-Pr system, the identification of 2-hydroxyethanoic acid in solution 
suggests the degradation of the molecule through H-atom abstraction from Į- and β- carbon. Interestingly, 
intermediate 2 (present in the early stages of diOH-Pr degradation) was observed in the triOH-Pr/Pt/TiO2 system as 
well. The time its peak appears relative to the triOH-Pr removal curve implies it could be either a first or second step 
derivative of triOH-Pr, (e.g. 2,3-dihydroxypropanal, 2,3-dihydroxypropanoic acid, 3-hydroxy-2-oxopropanoic acid 
or 2-hydroxy-3-oxopropanoic acid). However, none of commercial standards were available to be compared with 
intermediate 2 and thus, its presence in the solution cannot be positively confirmed. Augugliaro et al. [21] also 
found two unknown intermediates during triOH-Pr photooxidation over the same catalyst as used here. The authors 
proposed the unknown products were formed from reaction between two 2,3-dihydroxypropanoic acid molecules as 
well as the reaction of 2,3-dihydroxypropanoic acid and triOH-Pr molecule. In this case, 2,3-dihydroxypropanoic 
acid would be generated from the •OH attack on the Į-carbon atom. The presence of intermediate 2 during diOH-Pr 
degradation suggests some of the diOH-Pr may be hydroxylated to form triOH-Pr which is then degraded to 
intermediate 2. A larger amount of intermediate 2 in the triOH-Pr system may lend support to this notion. Thus, it 
can be concluded that alcohol degradation was primarily initiated by •OH attack at the Į-carbon. This can be 
explained by the C–H bond being relatively weak at the Į-position [22] making it the most susceptible to •OH and 
O2 insertion. The mineralization of alcohol containing only primary alcohol (propane-1,3-diol) and secondary 
alcohol (propan-2-ol) performed support this. To account for this, it is suggested only one primary alcohol is bound 
to the surface. 
To sum up, the different mineralization and oxidation rates of the three carboxylic acids and alcohols using TiO2
particles suggest the rates depended on the intermediates associated with the reaction. That is, hydroxyl functional 
group numbers and positions significantly influenced the intermediates which could be formed with their subsequent 
degradation rates governing the overall mineralization rate. 
4. Conclusions 
In this study, the influence of hydroxyl functional group number and position on the photocatalytic oxidation of 
carboxylic acids and alcohols was investigated. The number and position of the hydroxyl functional group 
influenced the intermediates which were formed in turn governing the overall mineralization rate. In the case of C4-
carboxylic acids, the presence of hydroxyl groups modifies the adsorption type of the molecules on the surface of 
TiO2 by increasing the residence time of a carboxylate anion adjacent to the hydroxyl group. In the case of C3-
alcohols, only one primary alcohol is suggested to approach the catalyst surface. Accordingly, in the instance of tri-
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OH, the third hydroxyl group restricted the generation of refractory products such as ethanoic acid. Identification of 
intermediates products during photocatalytic oxidation is useful to anticipate a slowdown in the reaction as well as 
improve their reaction by simply adjusting the pH for example. More importantly, this study shows that having 
common structural moieties do not warrant higher mineralization rates. 
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